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LABORATORY INVESTIGATION OF EXPANSION, VENTING,
AND SHOCK ATTENUATION IN THE MX TRENCH 1 ' 2

James K. Gran,* John R. Bruce, and James D. Coltont

Abstract

'An experimental program using 1/26-scale models of a buried

concrete trench was conducted to study the dynamics of expansion and

venting caused by an airblast propagating down the trench, and to study

the effects of the expansion and venting on the attenuation of the

airblast. The trench models were made of 3teel fiber-reinforced

concrete and were buried in sand. The airblast was produced with an

explosively driven shock tube. Expansion and venting dynamics of short

trench sections were studied for flat-topped pressure pulses ranging

from 700 psi to 2600 psi. Radial expansion histories and vent-times

were recorded. Shock attenuation uas studied with 60-ft-long trenches

in which the peak pressure of an exponential waveform decreased from

4000 psi to 300 psi as the shock propagated the length of the trench.

The effects of expansion were isolated by comparing the attenuation in a

concrete trench to that in a steel trench. Expansion reduced the peak

pressure slightly at distances greater than 40 ft. The data were used

to validate computer models for shock attenuation in the MX trench..,

Introduction

An important aspect of the MI trench is its response to air shock

waves created inside the trench. The objectives of the work presented

here were twofold: (1) to deteraine the expansion and venting response

of the trench under internal pressure loading and (2) to determine the

effects of attenuation mechanisms (viscous wall drag, trench expansion,

and trench-to-surface venting) on the air shock wave inside the trench.

*Research Engineer, SRI International

tDirector of Engineering Mechanics Department, SRI International
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Expansion and Venting Tests

Experimental Setup

The expansion and venting testa were conducted with the assembly

shown in Fig. I. The trench is subjected to the largest internal pres-

sure when the shock wave produced by the explosive has traversed the

run-up section and the model, and reflects from the reflecting wall at

the end of the model. The assembly rested in a soil bin that provided

two feet of soil to each side and below the model trench. Pressure was

measured in the shock tube run-up section and at the reflecting wall.

Response was photographed with two high-speed cameras, one viewing the

end of the trench through the lucite window, the other viewing the soil

surface from the side.

SCALE - inchos
0 3 6 9 12I II I

Model View Model 12-foot-long
Trench Soil Window Soil Trench 30-inch-long Explosively Driven

- 1 Z N, . \Run-Up Section Shock Tube

Assembly to be Placed
I Pressur.- Transducers in Soil Box

(a) END VIEW (b) SIDE VIEW MA-6M-119

FIGURE 1 EXPANSION AND VENTING EXPERIMENT ASSEMBLY

Eight strands of explosive cord in the shock tube were used to

generate nominally flat-topped shock waves with reflected pressures

ranging from about 700 psi to about 2600 psi. These loads were

calibrated with a steel tube in place of the model trench. The

calibration pressure records are shown in Fig. 2.j 2
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(a) TEST 12 (b) TEST 13 (c) TEST 14
MA-4307-104

FIGURE 2 PRESSURE MEASURED AT THE REFLECTING WALL IN THE SHOCK TUBE
CALIBRATION TESTS

The expanuion and venting tests were performed using 6-in. -ID,

12-in.-long trench models having a wall thickness of 0.75 in. Two

longitudinal 0.56-in. -deep say cuts off Ret 3.10 degrees from each other

and two transverse 0.56-in.-deep saw cuts at the third points separated

the roof blocks. A typical trench model is shown in Fig. 3.

MP-6307-51

FIGURE 3 FIBER-REINFORCED CONCRETE TRENCH MODEL
WITH SAW-CUT ROOF BLOCKS
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The formula used for the fiber-reinforced concrete was similar to

that used by the Air Force Weapons Laboratory (AFWL) in the fabrication

of 1/2-scale trench models. The steel fibers are U.S. Steel Fibercon,

0.010 in. in diameter and 0.5 in. long. They represent about 1.72 of

the concrete mix by weight (0.5% by volume). Eight unconfined com-

pression tests (ASTM C39-64) and 5 split-cylinder tension tests (ASTM

C496-71) were performeJ on 3-in.-diameter, 6-in.-long samples. 3 The

compression strength varied from 6590 psi to 8420 psi and averaged

7430 psi. The split-cy!inder tension strength varied from 820 psi to

1010 psi and averaged 900 psi.

The soil used in the expansion and venting experiments das obtained

from a designated location at the HAVE HOST test site on the Luke Air

Force Range in Arizona where AF!L's 1/2-scale tests were performed. The

soil was packed aAcound the model trench manually, and samples were taken

to measure the soil density and moisture content. Densities (except

Test 20, tho dry soil test) ranged from 117 to 122 lb/ft 3 with moisture

contents from 2.6 to 3.9%. The soil cover depth was 2.3 in.

Experimental Results

Many expansion and venting experiments were conducted. Only five

are described in this paper. The parameters of these experiments are

given in Table 1.

Table 1ii TEST PARAMETER FOR EXPANSION AND VENTING TESTS

Test Number
Parameter 17 18 1 20 22

A Soil density 122 122 122 120-122 118

Moisture content 3.3 2.6 2.8 0.3-1.9 3.6

Peak preesure 700 1100 1100 1100 2600

4



The followiag general features were observed in this set of

experiments:

(1) Several longitudinal cracks form in a circumferentially
symmetric distribution in the trench wall almost imme-
diately (within 0.3 ms) after the arrival of the shock
wave. Fig. 4 shows the cracking patterns observed in
Test 17 and Fig. 5(a) shows the recovered trevh
fragments. Fig. 5(b) shows the crack pattern observed
in an AFWL 1/2-scale test. The patterns are the same
for both scales.

(t 2.20 ms, Test 17)

MP-=307-156

FIGURE 4 TRENCH CRACKING PATTERN

I (2) The expansion of the trench into the soil is cylindri-

cally symmetric until the rarefaction wave returns from
the free soil surface to the trench roof. Fig. 6 illus-
trates this phenomenon as observed in Test 17. Tn this
illustration, the shock wave arrives at the reflecting
wall at 1.7 ms, and the trench begins to expand
symmetrically, Based on a soil wave speed of 465 ft/e
(observed in a previous test), the pressure wave in the
soil reaches the surface about 0.45 as later, after
which the soil surface begins to move. After another
0.45 as, the relief wave from tbe soil surface reaches
the crown, ending the symmetric phase of the expansion.

-- 5
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ROOF SECTION

! Ll

- ------ ---

(a) RECOVERED TRENCH FRAGMENTS FROM SRI TEST 17 (1/26-Scale.

TRANSVERSE STEEL
SEPARATOR BETWEEN

ROOF PANELS

LONGITUDINAL CRACKING LONGITUDINAL
AT CROWN, INVERT, AND STEEL SEPARATOR

SPRINGLINE

TRENCHCIRCUMFERENTIAL

CRACKING IN TRENCH
BOTTOM

LONGITUDINAL CRACK;NG
APPROXIMATELY BETWEEN

300 AND 60' BELOW SPRINGLINE

(b) CRACK PATTERN OBSERVED IN AFWL 1/2-SCALE TEST T-1

MP-6307-178

FIGURE 5 COMPA.,ISON OF TRENCH CRACK PATTERNS BETWEEN SRI 1/26-SCALE TESTS
AND AFWL 1/2-SCALE TEST T-1
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MA-4307-67

FIGURE 6 SYMMETR!C TRENCH EXPANSION PHASE (Test 17)

(3) After the symmetric expansion phase, the slug of roof
fragments moves vertically with little or no change of
shape until venting occurs. The soil asove the crown

sound@ up without much lateral flow. The expansion of
the trench at the springlines and floor continues to be
approximately symetric. Fig. 7 illustrates this phase
of expansion in Test 17.

(4) Venting begins at the roof crack nearest the crown, when
the trench roof has moved to about the level of the
original soil surface. Initiation of venting in Test 17
is shown in Fig. 8.

i7



(t 3.70 ins, Test 17) (t 4.20 mns, Test 17)
MP-4107-I SC MP-6307-15D

FIGURE 7 ASYMMETRIC EXPANSION PHASE FIGURE 8 INITIATION OF VENTINJG AT
CRACK NEAREST CROWN

(5) Once venting begins (near the reflecting wall), the soil
surface unzips along the length of the trench at about
the same rat2 as the propagation of the reflected shock
var-a. This phenomenon as observed in Test 17, is illus-
trated in Fig. 9. (The unzipping phenomenon was
difficult to observe with short test sections, erpe-
cially at the higher pressures, but the shock attenua-
tion tests with long trenchs verified this response
feeture.)

W

(a) t 4. 10msf (b) t4.50 ms Wc t -4.95 ms
MP-6307-16C

FIGURE 9 SIDE VIEW OF GROUND SURFACE ABOVE THE TRENCH MODEL
(Photo pins~ used to rneast-rp absolute roof displacement)
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The effect of pressure on venting is illustrated in Figs 10, where

the time of venting and the roof displacement at the time of venting are

plotted against pressure. For this series of tests, a higher pressure

caused venting to occur sooner and with less roof displacement. The

lines drawn through the data are not fitted curves; they indicate only

the trend. The data from Tests 18 and 19 do not lie near the lines.

Even though in Tests 18 and 19 several measurements were repeatable, the

venting daLa from these tests are considered anomalous because premature

venting initiated through a path provided by a photo pin positioned to

provide data on the motion of the trench roof.

3.2

3.0 3.0

t2.8

.2 2.6
TET7 2-.5

zS2.4 - •_

02.; 5 ~~2.2 -. •

I -.• TEST 20 <

B 2.0 -

z
-1.8 - Uj

z
>6

SI- 1.50Q
~1.4 -U 0

*. 0

1.2 TEST 18. •,-,TEST 19

1I.0 1.0
0 500 1000 1500 2000 2500

AVERAGE PRESSURE UP TO TIME OF VENTING - psi
MA-6307-08

FIGURE 10 EFFECT OF PRESSURE ON VENTING TIME AND ROOF DISPLACEMENT
AT VENTING TIME FOR REINFORCED CONCRETE TRENCHES

(0 - venting time, -- roof displacement)
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The effect of pressure on trench fragmentation Is illustrated in

Table 2, which lists the number of longitudinal cracks seen in the

reinforced concrete trench models at various pressures. These data

suggest that slightly more cracking occurs at higher pressures; however

more data is needed to substantiate this possibility.

Table 2

EFFECT OF PRESSURE ON LONGITUDINAL CRACKING

Test Nominal Peak

Number Pressure Number of Crack3

17 700 8

8 10 10

19 1100 9

20 1100 7

22 2600 12

Analysis of Experimental Data

To assure the consistency of the data, we performed some basic

analyses, in which we treated response features separately and did not

attempt to calculate the entire respoase in a single analysis. The

response features aralyzed were:

%(1) Roof motion calculated from the pressure measured at the
reflecting wall.

(2) Trench expansion at the springlines and invert calcu-
lated from the pressure measured at the reflecting wall.

The motion cf the roof was calculated to verify the consistency of

the pressure measurcments and the roof displacement measurements. A

one-dimensional model was adequate to calculate the displacemeat of the

roof up to the original soil surface level.

The mathematical model used to predict the roof displacement con-

sists of an infinitesimal ring element of roof material and cover soil

10
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loaded by internal pressure. Inertial effects are dominant over the

effects of material strength, therefore, material strength vas nag-

"lected. The roof/soil ring element was assumed to have a constant mess.

A kinematic constraint (consistent with ooses-vation) required the thick-

ases of the ring element to remain constant. Thus, &s the Inside radius

grove, the loaded area Increases and the mass dersity of the ring

element decreases. The equation of motion for this model Is

Pa (d ) a b 2 2  (a+b)/2

where P is the pressure, a Is the inside radius, b Is the outside

radius, and p Is the mass density of the ring. The assumptions of

constant mas and constant thickness reduce this equation to

12
2: Pa - a d a

where a is the mass per unit length of a full ring.

This model was used to calculate the roof displacement for each of

the expansion and venting tests. 7igure 11 compares the results of the

calculations with roof displacement measurements taken from the films
for tests with peak reflected pressures of 700 psi (Test 17), 1100 psi

(Test 18), and 2600 psi (Test 22). The soil displacement for Test 17 is

also given, Indicating that about 0.4 in. of compression occurred in the

soil cover. The correlation of the calculations with the data enhances

the reliability of the pressure and displacement masurements and

Indicates that the simple model for predicting roof mation Is adequate.

The trench ezpansion into the surrounding soil was calculated to

verify the consistency of the pressure and displacement data, and also

to confirm the soil wave speed observed In the high-spo.d movies. The

problem was formulated for an axisymmetric, plane strain analysis.

Calculations were made with SIl PUFF, a finite difference computer code

capable of analyzing two-dimensional contimua undergoing large

deformation. 5

+11



4.0

3.5 - Calculation

L Observed Roof Displacement

d 3.0 03 Observed Soil Surface TEST 17

Displacement TEST 1S (700 psi)

(1100 psi)

0-

•"TE.5 22

a ~(2600 psi

0

o1.0

0.50
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

TIME -- ms

MA-6307-63

FIGURE 11 COMPARISON OF CALCULATED AND MEASURED ROOF DISPLACEMENT

The trench wall was modeled with typical concrete properties,

allowing fracture at a low tensile stress. The radial compressive

deformation of the concrete is negligible compared with the radial

displacement. The soil was modeled as a Mohr-Coulomb material without

dilatancy due to shear. In this model, the dilatational response is

governed only by a variable bulk modulus (K). The distortional response

is governed by two parameters, the cohesion c and the friction angle *.

The soil properties were determined from the U.S. Army Waterways

Erperiment Station's (WES) uniaxial strain test data on HAVE HOST

backfill. 4 In the calculations, the loading pressure-volume path was

made to follow the a - e curves given in Ref. 4. For unloading, a

bulk modulus equal to the maxinum loading modulus was used. A good

12



correlation with the expansion test data was obtained using soil

parameters computed from WES's lower bound curve for lowdensity soil

even though our measured wet soil density was 5Z to 10Z higher than

WES's low density soil.

One reason for using the lover bound low density stress-strain

curve is that the bulk modulus computed from that curve, up to about 4%

vertical strain, agrees with the bulk modulus estimated from our

observed wave speed. Also, we calculated the trench expansion due to

the pressure measured in Test 17 (700 psi nominal) using both the lower

bound low density soil data and the upper bound high density soil

data. The values of c and * were taken directly from the WES data. The

results of these two calculations are shown in Fig. 12, alonS with the

Test 17 results. Clearly, the low density soil data produce a more

accurate expansion calculation.

2.0 Low Denity

"Low Density Soil Properties Low Density
Soil Properties Tent 18 (1100 psi) / Soil Properties

zI- Test 22 (2600 psi) Test 17 (700 psi)
w

/Uj Test1-8

,Da.e

,~L 1.0 20304.50

'IX

it 0
Test 22Tet1 Datts

Data 00(70pi
(2600 psi)0

z
High Density Soil Properties

I- Test 17 (700 psi)

01.0 2.0 3.0 4.0 5.0

K ~TIME -ins
MA41307-45

FIGURE 12 COMPARISON OF CALCULATED AND MEASURED SPRINGLINE
AND INVERT DISPLACEMENTS
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We then calculated the wall motion usiiZ the pressures measured in

Test 18 (1100 psi nominal) and Test 22 (2600 psi nominal) with the low

density soil data. These calculations are also compared with the

experimental results in Fig. 12. Again, the calcitlations and the

experiments correlate well enough to confirm the reliability of the

pressure and expansion data and indicate that the computational model is

adequate.

Shock Attenuation Tests

Experimental Setup

The shock attenuation tests were conducted using the assembly shown

in Fig. 13. A l-in.-thick pad of COl'P B was used as the explosive be-

cause of its well-characterized equation of state. To achieve a nearly

plane wave, we detonated the COMP B pad simultaneously at nineteen

points spaced as uniformly as possible over the back surface of the pad.

Steel Collar

Steel Driver Phenolic Sleeve Model Trench

Lead iComp 8 (Explosive) 6.in NepneGst

-. ,,..,~ ~ ~ ~ ~~ý6 ft.. Led-q .0i.NoreeGse

S30 in.

MA-7285-1 A

FIGURE 13 SHOCK TUBE DRIVER CONFIGURATION

The relative effects of the various attenuation mechanisms were

determined by measuring shock attenuation in a steel pipe, a deep-buried

fiber-reinforced concrete trench, and a shallow-buried fiber-reinforced

concrete trench, each having a length of 60 ft (120 diameters).

14
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Shock pressure in the trench was measured with pressure gages in

the wall of the trench (grout was used to place the gages in the con-

crete trenches). The gage configuration had an average density approx-

imating that of the trench so that the gages would move with the trench

wall. The time of arrival (TOA) of transition zone between shocked air

and the detonation products was also measured with custom-made ioniza-

tion probes which were sensitive to the electrical conductivity of the

gas in the tube.

Steel Pipe Experiment

In the first shock attenuation test, the concrete trench was re-

placed by a steel pipe. This test defined the shock attenuation due to

frictional drag on the walls of the pipe and due to rarefactions origi-

nating upstream because of the finite thickness of the explosive charge.

The pressure records are shown in Fig. 14. The peak pressure decreased

from about 4000 psi near the source to about 700 psi near the open end

K of the pipe.

To check the pressure data, me calculated peak pressures from TOA

data and compared them with the measured. peak pressure. Shock velocity

at each station was obtained by fitting a polynomial to the TOA data and

"4 differentiating this polynomial with respect to time. A fourth-degree

polynomial gave the best fit. Based on the equations for conservation

of mass and momentum, the relationship between shock velocity and

pressure is

SP 2 U2

P - P V

where v is specific volume, U is shock velocity, y is the ratio of

specific heats, and P is the pressure. The subscript o refers to

conditions ahead of the shock front; the subscript 1 refers to
conditions behind the shock front.

This equation was then used to calculate the peak gage pressure

P1-Po at each station. For the shocked air, we used values of y ranging

from y -1.22 at a pressure of 4500 psi to yn 1.38 at 300 psi. The

j 15
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FIGURE 14 PRESSURE RECORDS FROM A SHOCK ATTENUATION TEST WITH STEEL PIPE

16



comparison between the calculated and measured peak pressures for the

three tests with steel pipp is shown in Fig. 15.

S5000 i 1 i 1 1 1 Iii

2000

. ro

x 0 Ts 101

A1000 C3 Test 104
A Test 109

-Calculated from time of arrival (TOA) data
(TOA the same for all three test)

24 6 10 20 40 60
DISTANCE FROM SOURCE - feet

MA-7285-13A

FIGURE 15 PEAK PRESSURE VERSUS DISTANCE FOR THE THREE SHOCK ATTENUATION
TESTS USING STEEL PIPE

A typical ionization probe record is shown in Fig. 16. The probe

records shoved that the start of the transition zone ranges from 0.2 as

behind the shock front and 14 ft from the source to 3.5 m= behind the

shock front and 58 ft from the source. The probe records and the pres-
sure records were used to construct a plot of TOA of the shock front and

of the transition zone versus distance from the source. This plot is

shown in Fig. 17.

j 17
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Concrete Trench Experiments

Two tests were conduc.ed with concrete trenches. In Test '16, the

concrete trench was buried 12 to 15 in. deep, so the only added atf:onua-

tion effect relative to the steel tube was trench expansion. In Test

117, the trench was buried 2.3 in. deep, a depth scaled from the base-

line design. This test had the added effects of asymmetrical expansion

and trench- to-surface venting.

The 60-ft-long concrete trenches were made up of 21 fiber-rein-

forced concrete trench sections, each with a 6-in.-ID, a 1-in.-thick

wall, and a length between 30 and 36 in. The same concrete and fiber

mix was used as in the short sections tested to study exp:4nsiou and

venting. The compressive strength ranged from 4100 pri to 8600 psi and

averaged 6800 psi. The tensile splitting strength r nged from 800 psi

to 1800 psi and averaged 1400 psi. In the field, the individual trench

sections were joined together with epoxy. A laser was used for

alignment.

The soil was obtained from the same. location at the HAVE HOST site

as used in the expansion and venting tests. It was backfilled into a

3-ft-wide, 3-ft-deep excavation. For Test 117, the laser was used to

aid in leveling the soil surface to within +0.1 in. For both tests, the

soil was backfilled in layers of 4 to 6 in. Each layer was compacted to

a nominal 110 lb/f t 3 dry density at a water content of 3 to 5 percent

using a mechanical, gasoline-engine-driven tamper. Actual dry densities

measured ranged from 108 lb/ft 3 to 116 lb/ft 3 , with an average of 111

lb/ft 3 . Measured water contents ranged from 2.9 to 5.3 percent.

Radial displacement of the trench wall was measured with linear

variable displacement transducers (LIDs). The LVDT core was connected

to the outer trench wall at the sprinzline by a 2.S-in.-long push rod.

Each LVDT body was backed up by a 1.5-1n.-diameter, 6-in.-long steel

slug located 6 in. from the trench wel. Thus, the slug remained

stationary until the shock wave in the soil reached it (about 0.5 as).

Because of f.ts mass, the slug moved only a short distance thereafter.

These tests were also photographed with three high-speed cameras.
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In both tests, the concrete trench fracqured over the entire

60-it length. For the deep-buried trench in Test 116, there was only

minor breakout, with most pieces still under the soil cover. In Test

117, with the shallow depth of burial, the rnof of the concrete trench

was thrown into the air and pieces were lying to either side of the

trench axis. The trench below the springlines expanded radially 0.5 to

1.5 in., yet was roughly in its original orientation. The fracture

patterns for Tests 116 and 117 were similar. The predominant fracture

was longitudinal. Longitudinal cracks were from a few inches long to 4

or 5 ft. The maJority of longitudinal cracks ran uninterrupted past the

trench joints. However, some trench joints failed, causing the longitu-

dinal crack to end at the joint. The trench fragwents were smaller

closer to the driver, indicating that the number of cracks increases

with the pressure. The relation between pressure and number of cracks

was similar to that found in the expansion and venting tests on short

concrete trench sections. The high-speed movies showed that in Test

117, venting took place after the trench crown had displaced between

2.2 in. and 3.9 in. These displacements are higher than observed in the

short section expansion and venting tests, possibly because of the

thicker trench wall and the lower pressure at the time of venting.

Interpretation of Results

We then compared the shock attenuation for the three types of

tests: steel pipe, deeply buried concrete trench, and concrete trench

with scaled soil cover. Figure 18 shows a log-log olot for the peak

pressure versus distance for each type of test. The curves are the peak

pressures calculated from the TOA data. (As discussed earlier, these

curves agree with ths discrete peak pressures measured in the tests.)

The pressure attenuation for the steel pipe, shown by the solid line, is

caused primarily by the finite thickness of the source and by frictional

drag on the pipe walls. The pressure attenuation for the deep-buried

concrete trench, shown by the upper dashed line, should be the same as

that of the steel pipe except for the effect of trench expansion.

Comparison of the solid and upper dashed lines show that the effect of
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trench expansion was to decrease the peak pressure by 55 percent at 58

ft from the source.

The pressure attenuation for the concrete trench with the scaled

soil cover, shown by the lower dashed line, should be the same as that

of the deep-buried concrete trench except for the effects of asymmet-

rical expansion and trench-to-surface venting. Comparison of the dashed

lines shows no difference in peak pressure for the first 40 ft of propa-

gation and only a 15 percent decrease in peak pressure after a distance

of 58 ft. In these data, the effect of asymmetrical expansion of the

trench crown and the effect of venting cannot be separated; however, it

is clear that the combined attenuation effects of asymmetric expansion

and venting are minimal compared with the effect of simple expansion.

Average springline velocities over the first millisecond after

shock arrival were determined from the LVDT records and are plotted in

Fig. 19. The closeness of the data from the two tests suggests that for

the range of pressures and trench lengths in the these tests, the atten-

uating effect of upstream asymmetric expansion and varting also has

little or ao affect on the impulse for uO to 1 millisecond after shock

arrival downstream.

Conclusions

The major conclusions from the expansion and venting tests are that

(1) Approximately symetric longitudinal cracks form in the
trench soon after shock arrival.

(2) After reflections from the free surface of the soil, the
roof fragments and soil move vertically as a slug.

(3) Venting occurs directly above the roof %hen the bottom
of the slug reaches the original soil surface.

The data from the shock attenuation tests showed consistently lower

peak pressures as more attenuation sechanisms were introduced. For

example, the effect of trench expansion (concrete trench versus steel

pipe.) was to decrease the peak pressure by 55 percent at an L/D of 116.

For the test of a concrete trench with a scaled soil rover, the peak
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pressure was the same as that of the deep-buried concrete trench for the

first 40 ft (L/D - 80). Thus asymmetrical expansion of the trench and

venting has no effect on peak pressure up to L/D - 80 and has only a

small effect (15 percent decreaae) on peak pressure at L/D - 116.
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